Finding food sources is a prerequisite for an acute food intake. This process is initiated by ghrelin released from X/A-like cells of the gastrointestinal tract. Because food finding often depends on olfaction, the question arises whether ghrelin may affect the responsiveness of the olfactory system. Monitoring odor-induced activation of the mouse olfactory epithelium via Egr1 expression revealed that after a nasal application of ghrelin, more sensory neurons responded upon odor exposure indicating an increased responsiveness. The higher reactivity of olfactory neurons was accompanied with an increased activity of receptor-specific glomeruli. In search for mechanisms underlying the ghrelin-mediated sensitization of olfactory neurons, it was shown that Ghsr1a, the ghrelin receptor gene, but not the hormone itself was expressed in the olfactory epithelium. Further analysis of isolated cells revealed that the receptor was in fact expressed in mature olfactory sensory neurons. Treatment with a ghrelin receptor antagonist abolished the ghrelin effect, strengthening the notion that ghrelin and its receptor are responsible for the enhanced neuronal responsiveness. In contrast to the effects of the "hunger" hormone ghrelin, the shortterm "satiety" hormone PYY 3-36 did not affect olfactory responsiveness. The results demonstrate that ghrelin, which signals acute hunger, renders the olfactory system more responsive to odors.
Introduction
The sense of smell significantly affects food consumption and the frequency of food intake. Animals, such as rodents, strongly rely on olfaction in their daily foraging. The necessity to find suitable food sources is particularly urgent in acute hunger situations that are typically accompanied by an elevated blood level of the hormone ghrelin released from the X/A-like cells in the proximal region of the gastrointestinal tract (Kojima et al. 1999; Nakazato et al. 2001; Cummings 2006; Cummings and Overduin 2007) . Because food intake behavior and the sense of smell are closely linked, the question arises whether ghrelin may directly affect the olfactory system. Based on the observation that the ghrelin receptor gene Ghsr1a is expressed in the facial motor nucleus (Zigman et al. 2006) , which is involved in sniffing movements, it was hypothesized that ghrelin may induce enhanced sniffing and thus facilitate food finding, which is particularly essential in states of nutritional scarcity. In fact, behavioral experiments have shown that in rodents, ghrelin leads to an enhanced exploratory sniffing (Tong et al. 2011 ). Moreover, it was shown that in humans, ghrelin induces an increased sniff magnitude (Tong et al. 2011 ) and a lower olfactory detection threshold (Trellakis et al. 2011) . These findings are in line with the notion that in an acute hunger situation, it would be beneficial to improve the olfactory capacity for a successful food search. Although previous studies suggest that the effect of ghrelin may be due to its action in olfactory-related brain areas, it seems equally plausible that ghrelin may act on the most peripheral part of the olfactory system, theneed for food intake, such as the "hunger" hormone ghrelin, may directly affect the responsiveness of olfactory sensory neurons. Therefore, in this study, we set out to assess whether a pretreatment of the olfactory epithelium with a hormone may change the reactivity of olfactory neurons and the response of distinct glomeruli in the olfactory bulb.
Materials and methods

Animals and tissue preparation
For this study, adult wild-type C57BL/6J mice (purchased from Charles River) and mice from our previously generated transgenic line, which carry a targeted mutation of IRES-tau green fluorescent protein (GFP) at the mOR256-17-locus (Luxenhofer et al. 2008) , were used. Individuals from both sexes were employed. Mice from the transgenic line OMP-GFP (Potter et al. 2001) were employed for the isolation of cells from the olfactory epithelium. All animals were kept under a 12:12 h light:dark cycle and had ad libitum access to water and standard laboratory chow. Because mice consume food mainly during night, all odor exposure experiments were conducted at the same time window in the morning; thus, animals were in a satiated state for the experiments. They were killed by cervical dislocation or CO 2 asphyxiation and subsequent decapitation.
Ethical statement
The institutional and national guidelines for the care and use of laboratory animals according to the Society of Laboratory Animals (GV-SOLAS) were followed and the institutional internal review committee approved the work (T125/14 Phy; T126/14 Phy).
Cell dissociation and isolation
Due to their intrinsic GFP fluorescence, OMP-positive mature olfactory sensory neurons from OMP-GFP mice could unambiguously be distinguished from other cell types of the olfactory epithelium. To isolate the cells, the tissue was enzymatically dissociated according to Nakamura et al. (2010) . Briefly, the turbinates from one nasal cavity were transferred to a petri dish containing 100 µL ice-cold medium A (0.39 g NaH 2 PO 4 , 0.89 g Na 2 HPO 4 , 8.401 g NaHCO 3 , 20.45 g NaCl, 1.864 g KCl, 9.91 g glucose, 59.58 g HEPES [4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid], and 4.162 g Na-EDTA [ethylenediaminetetraacetic acid]) and cut into small pieces using fine scissors. The fragments were transferred to a centrifuge tube (Falcon) with 5-mL medium A containing 0.0125 g protease from Streptomyces griseus (Sigma-Aldrich). After incubation at 37 °C for 30 min, with short vortexing at room temperature every 10 min, the samples were centrifuged for 5 min at 300 × g and 18 °C. The supernatant was carefully removed, the pellet resuspended in 5 mL of medium A with protease (see above), and incubated at 37 °C for 10 min. After centrifugation for 5 min at 300 × g and 18 °C, the supernatant was removed and the pellet resuspended in 5-mL Hank's Balanced Salt Solution (Invitrogen Life Technologies) at room temperature. To remove cell clusters and tissue remains, the suspension was filtered through a 40-μm nylon cell strainer (BD Biosciences) and subsequently centrifuged for 5 min at 300 × g and 18 °C. The supernatant was removed and the pellet resuspended in 600-μL preheated (37 °C) Dulbecco's modified Eagle medium (DMEM) containing 4.5 g/L D-glucose and 25 mM HEPES (DMEM + GlutaMAXTM-I; Invitrogen Life Technologies). The suspension was diluted with a small volume of DMEM to allow visualization of individual cells under the ×40 objective of an inverted fluorescence microscope (IX70; Olympus). Hematocrit capillaries (75 μL/D.A. 1.55 mm; Brand), into which cells were sucked, were attached to a micromanipulator (Narishige) and filled with 4 µL 1× phosphate-buffered saline (PBS; 0.85% NaCl; 1.4 mM KH 2 PO 4 ; 8 mM Na 2 HPO 4 , pH 7.4). A suitable tip size was produced using a microelectrode puller (DMZ-Universal Puller; Zeitz) with the following settings: P(A): H = 260, F(TH) = 020, S(TH) = 022, t(H) = 012, S(H) = 060, t(F1) = 000, F1 = 000, s(F2) = 000, F2 = 000, AD = 010; P(B): H = 180, F(TH) = 105, S(TH) = 075, t(H) = 006, S(H) = 000, t(F1) = 050, F1 = 020, s(F2) = 100, F2 = 030, AD = 055. In total, 300 fluorescent OMP-positive olfactory sensory neurons and 300 nonfluorescent cells were isolated and stored at −70 °C before further processing.
RNA isolation and cDNA synthesis
From the main olfactory epithelium, the hypothalamus, and the stomach, total RNA was isolated using the Nucleo Spin RNA kit (Macherey-Nagel) according to the manufacturer´s protocol. Genomic DNA was removed by DNase digestion (DNaseI; Invitrogen Life Technologies) for 10 min at 37 °C. One microgram of total RNA was reverse transcribed using oligo(dT) primers and SuperScript III Reverse Transcriptase (RT) (Invitrogen Life Technologies). From the pool of isolated cells, total RNA isolation and cDNA synthesis were conducted in 1 step using the SuperScript III CellsDirect cDNA Synthesis System (Invitrogen Life Technologies) according to the manufacturer´s protocol. RNA integrity and removal of DNA were controlled by the amplification of the housekeeping gene Rpl8 with intron spanning primers.
(Rpl8: NM_012053.2; Ghsr1a: NM_177330.4; Preproghrelin: AB035701.1; Npy2r: NM_008731.3).
Nasal applications
Lyophilized full-length acylated ghrelin, the ghrelin receptor antagonist [D-Lys 3 ]-GHRP-6, and peptide tyrosine tyrosine (PYY) 3-36 were purchased from Phoenix Pharmaceuticals. For application to the nose, the hormones were diluted to a final concentration of 1 nM in water. Ghrelin receptor antagonist was diluted in the ghrelin solution to a final concentration of 1 µM (Nakazato et al. 2001; Shi et al. 2013; Song et al. 2013) . One microliter of the solution was applied to the nostrils. Control animals received 1 µL water.
Exposure to odorants for analysis of Egr1 expression in the olfactory epithelium
The odorants benzaldehyde (B-6259), 2,3-hexanedione (W-255807), and 1-heptanal (W-254002) were purchased as liquids from SigmaAldrich and diluted in water just before use. Prior to the exposure to odorants, mice were placed individually into a closed plastic box (approx. 11.5 cm height × 14 cm width × 29 cm length) for 60 min to reduce expression of Egr1 due to home cage odors. The floor of the box was covered with cat litter (EAN 4311501304792, Edeka Group) to absorb their excretions. After the hormone or control solution treatment, mice were placed back into the box for 30 min. Subsequently, they were transferred for 60 min to a second box that contained a filter paper (approx. 2 cm height × 4 cm length) with either 100 µL of benzaldehyde (diluted 1:100 in water), 10 µL of pure or 100 µL of diluted 1-heptanal (1:10/1:100 in water), or 100 µL of diluted 2,3-hexanedione (1:100 in water). After this time, the mice were sacrificed and dissected for in situ hybridization experiments.
Exposure to odorant for analysis of c-Fos expression in the olfactory bulb For exposure to the odorant 2,3-hexanedione, mice were placed individually into a closed plastic box (approx. 11.5 cm height × 14 cm width × 29 cm length); the floor was covered with cat litter (EAN 4311501304792) to absorb their excretions. The box had 2 connections to attach plastic tubes (10 cm length, 0.8 cm inner diameter) on one side and small holes for the outgoing air on the opposite side. The box was supplied with a constant stream of air (4 L/min) flowing through a charcoal filter and a manual 3-way valve. The valve was adjusted to deliver either a stream of air through tube # 1 or air containing an odorant through tube # 2. Prior to the application of hormone or control solution to the nose and the subsequent odorant exposure, mice were exposed to clean air for 120 min to decrease c-Fos due to home cage odors. Thirty minutes after the nasal application, the odorant (100 µL of 2,3-hexanedione diluted 1:100 in water) was given onto a piece of filter paper (approx. 2 cm height × 4 cm length) and placed into tube # 2. Charcoal-filtered air was passed over this material into the box. In order to minimize adaptation of mice to the odorant, it was presented in intervals of 2 min, alternating with pure air for 3 min. This protocol was repeated for 30 min. Sixty minutes after this stimulation period, the mice were sacrificed for c-Fos analyses.
In situ hybridization
Digoxigenin-labeled antisense riboprobes were generated from partial cDNA clones encoding Egr1 (NCBI accession number NM_007913.5, position 589-1871) in pGEM-T by using the SP6/ T7 RNA labeling system (Roche Diagnostics), as recommended by the manufacturer. The specificity of the signals was confirmed by control experiments with corresponding sense probes. For sectioning, all bones of the head surrounding the olfactory bulb and the nasal turbinates were removed; freshly prepared tissue was embedded in Tissue Freezing Medium (Leica Microsystems) and frozen using liquid nitrogen. Cryosections (12 µm) were generated using a CM3050S cryostat (Leica Microsystems) and mounted onto Starfrost microscope slides (Knittel Glas). Sections were fixed with 4% paraformaldehyde in 0.1 M NaHCO 3 , pH 9.5 for 45 min at 4 °C. Slices were washed in PBS (0.85% NaCl; 1.4 mM KH 2 PO 4 ; and 8 mM Na 2 HPO 4 , pH 7.4) for 1 min, incubated in 0.2 M HCl for 10 min, in 1% Triton X-100 for 2 min, and washed again twice in PBS for 30 s, all at room temperature. Finally, sections were incubated in 50% formamide/5× standard sodium citrate (SSC; 1× SSC: 0.15 M NaCl; 0.015 M Na-citrate, pH 7.0) for 10 min. The tissue was then covered with hybridization buffer (50% formamide with 2× SSC, 10% dextran sulphate, 0.2 mg/mL yeast t-RNA, and 0.2 mg/ml sonicated herring sperm DNA) containing the probe and incubated in a humid chamber (50% formamide) at 65 °C overnight. For posthybridization, slices were washed twice for 30 min in 0.1× SSC at 65 °C, then incubated with 1% blocking reagent (Roche Diagnostics) in 90 mM Tris pH 7.5, 10 mM maleic acid, 150 mM NaCl, 0.03% Triton X-100 for 30 min at room temperature. Afterward, the slices were incubated with an anti-digoxigenin alkaline phosphatase (AP)-conjugated antibody (Roche Diagnostics) diluted 1:750 in blocking reagent with 0.3% Triton X-100 for 30 min at 37 °C. After 2 washes in TBS (Tris-buffered saline) for 10 min, slices were shortly rinsed in AP buffer (100 mM Tris, pH 9.5; 100 mM NaCl; and 50 mM MgCl 2 ). Hybridization signals were visualized using nitroblue tetrazolium (Biomol) and 5-bromo-4-chloro-3-indolyl phosphate (Thermo Fisher Scientific) in AP buffer as substrate. Finally, the sections were rinsed with H 2 O and mounted in MOWIOL (33% glycerine, 13% polyvinylalcohol 4-88 in 0.13 M Tris pH 8.5).
Immunohistochemistry
For sectioning, all bones of the head surrounding the olfactory bulb and the nasal turbinates were removed. For the immunohistochemical detection of c-Fos in the olfactory bulb of transgenic mice, the tissue was fixed by immersion in 4% paraformaldehyde (in 150 mM phosphate buffer, pH 7.4) for 15 min on ice, cryoprotected in 25% sucrose overnight at 4 °C, embedded in tissue freezing medium and frozen using liquid nitrogen. Cryosections (12 µm) were adhered to Superfrost slides (Menzel). Before processing, the sections were airdried for 30 min and then rinsed in PBS for 10 min at room temperature. Rabbit anti-c-Fos antibody (Santa Cruz Biotechnology) was diluted 1:650 in 0.3% Triton X-100 in PBS containing 10% normal goat serum (NGS) (Dianova). Sections were incubated with the diluted primary antibody overnight at 4 °C. After 3 rinses for 5 min in PBS, the bound primary antibody was visualized by incubating the appropriate secondary antibody conjugated to Alexa 488 or Alexa 568 (Invitrogen Life Technologies) diluted in PBS/0.3% Triton X-100 containing 10% NGS for 2 h at room temperature. After washing for 3 times for 5 min, the sections were counterstained with 1 µg/mL 4′,6-diamidino-2′-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich) for 3 min at room temperature, rinsed with H 2 O, and mounted in MOWIOL.
CCD camera (PCO-imaging) for fluorescent images. Dissociated single cells were analyzed with an inverted fluorescence microscope IX70 (Olympus) coupled to a Spot Pursuit 34.0 Camera (Visitron Systems).
Quantitative analyses
For cell counts, the sections were examined with a ×10 objective for transmitted light preparations and with a ×40 objective for fluorescent preparations. For counts of Egr1-positive cells in the olfactory epithelium, 50 consecutive sections through ectoturbinate 2 were analyzed from each mouse. The first section was defined as the section on which ectoturbinate 2 became separated. For each odorant tested, quantifications were conducted for a defined number of mice per group. Considering the fact that the nose of a mouse is composed of 2 separate epithelial halves, which were counted separately, 1 individual yielded 2 values each. Quantitative analyses of juxtaglomerular cells in the olfactory bulb were performed according to Bautze et al. (2012) . The mOR256-17 glomerulus was defined as the region of GFP-labeled neuropil delimited by DAPI-stained juxtaglomerular cells; medial and lateral glomeruli were taken into account. c-Fos immunoreactive and DAPI-stained cells that were immediately adjacent to the glomeruli (maximal 4 nuclei widths from the outer boundary of the axon fibers within the glomerulus) were counted on serial sections; c-Fos signals were counted when their signal intensity was above background and the signal was colocalized with a DAPIstained nucleus. The percentage of c-Fos immunoreactive cells from the DAPI-stained cells surrounding the glomeruli was determined and given as means ± SD. Quantifications were made for 7 mice per group. All statistical analyses were performed using the unpaired t-test in GraphPad Prism (GraphPad Software, www.graphpad. com). Statistical significance was set at P < 0.05.
Results
Food finding and food consumption are particularly crucial in acute hunger situations. The hormone ghrelin produced primarily by the stomach is known as an indicator for acute hunger and is supposed to elicit food intake behavior (Kojima et al. 1999; Nakazato et al. 2001; Cummings 2006; Cummings and Overduin 2007) . To assess whether ghrelin may affect the responsiveness of olfactory sensory neurons, we first analyzed whether the ghrelin receptor gene Ghsr1a (Zigman et al. 2006 ) is expressed in the main olfactory epithelium. Therefore, PCR studies were performed with specific primers for Ghsr1a and cDNA from tissue samples of the main olfactory epithelium; the experiments resulted in amplicons of the expected size (110 bp) ( Figure 1A ). Samples of cDNA from the hypothalamus served as positive control; negative controls lacking the template gave no amplicon. To approach the question, whether Ghsr1a was expressed in mature olfactory sensory neurons, individual cells were isolated from dissociated olfactory epithelium preparations. For these studies, we have analyzed samples from OMP-GFP transgenic mice (Potter et al. 2001) , in which OMP-positive mature olfactory sensory neurons can be identified due to their intrinsic GFP fluorescence and thereby clearly distinguished from nonfluorescent cells ( Figure 1B) . Samples of 300 isolated olfactory sensory neurons and of 300 nonfluorescent cells from the epithelium were used to prepare the cDNA samples. The cDNA integrity of these samples was controlled by amplification of a housekeeping gene, here Rpl8, using intron spanning primers ( Figure 1B ). PCR experiments with primers for Ghsr1a and cDNA samples from the isolated olfactory sensory neurons resulted in amplicons of the expected size. PCR experiments with cDNA from nonfluorescent cells did not result in an amplicon ( Figure 1B ). Molecular cloning and sequencing of the obtained PCR products for Ghsr1a confirmed that they indeed encoded the right sequence.
In order to approach the question whether ghrelin may be generated locally in the olfactory epithelium, PCR experiments were performed with primer pairs specific for preproghrelin (415 bp). The results in Figure 1C show that, in contrast to control tissue from the stomach, no amplicons were obtained with olfactory epithelium. These results indicate that there is no local expression of ghrelin in the olfactory epithelium, suggesting that ghrelin normally reaches the nasal epithelium from the circulation.
Next, we set out to evaluate whether a treatment with ghrelin may change the responsiveness of olfactory sensory neurons to odor stimuli. To identify the responsive neurons, we employed the procedure to visualize the cells by their upregulation of the immediate early gene Egr1, which is considered as a marker for activated neurons (Isogai et al. 2011; Loch et al. 2013) . After a 1-h "neutralization phase" in a closed plastic box to reduce expression of Egr1 due to home cage odors, 1 µL of a ghrelin solution was applied to the nasal epithelium of living animals as described previously (Spehr et al. 2006; Loch et al. 2013) . Control animals received only water. The application was followed by an incubation period of 30 min. Thereafter, the mice were kept for 1 h in a plastic box that contained a filter paper soaked with an odorant solution. Subsequently, crosssections through the nasal cavity were prepared and probed with an Egr1-specific antisense riboprobe (Figure 2A) . Representative images for the Egr1-hybridization staining on a defined epithelial area, the ectoturbinate 2, of mice treated with control solution (G−) and ghrelin (G+) obtained for the odorant benzaldehyde are shown in Figure 2B ,C. On tissue sections from mice exposed to the odorant, numerous positive cells were visible within the epithelium. To detect differences between control and ghrelin-treated mice, the number of Egr1-positive cells was determined on ectoturbinate 2, because it is a well-circumscribed anatomical structure. The results are depicted in Figure 2D . After exposure to benzaldehyde, the number of Egr1-labeled olfactory sensory neurons was significantly higher in ghrelintreated mice (n = 7) compared with controls (n = 7). Corroborating the notion that ghrelin indeed acts via Ghsr1a on olfactory sensory neurons, nasal applications adding the ghrelin receptor antagonist [D-Lys 3 ]-GHRP-6 to the ghrelin solution (G+/A+) were performed. Determination of the number of benzaldehyde reactive sensory neurons in comparison to controls (G−) revealed that the antagonist treatment abolished the ghrelin effect ( Figure 2D) .
As a next step, odorants that structurally differ from benzaldehyde were tested. Representative images of the Egr1-hybridization staining on ectoturbinate 2 of control (G−) and ghrelin-treated mice (G+) after exposure to the odorous compounds 2,3-hexanedione (n = 5/group) and 1-heptanal (n = 7/group) are shown in Figure 3A -F. Odor exposure resulted in numerous Egr1-positive cells, with a distinct staining pattern characteristic for each odorant. Cell counting revealed that the number of Egr1-positive cells was significantly higher when mice were pretreated with ghrelin ( Figure 3G) . Thus, the results indicate that ghrelin enhances the overall responsiveness of olfactory neurons to odorants with different structural features. Control experiments without odor stimulation were performed to exclude the possibility that application of the hormone solution or the treatment alone may induce Egr1 expression. On tissue sections from mice exposed to clean air, hardly any Egr1-positive cell is visible ( Figure 3C,F) . The results shown in Figure 3G (no odor) demonstrate that the pretreatment alone did not increase the number of Egr1-positive cells.
So far, all experiments were performed with 1:100 dilutions of odorants. To evaluate whether the ghrelin-enhancing effect is still detectable with strong stimuli, that is, with higher odor dosages, different concentrations of an odorant were used as a next step. Therefore, odorant solution (1:10 dilution) and undiluted solution of 1-heptanal were employed. The results are depicted in Figure 4 . Representative images for Egr1 staining on ectoturbinate 2 from the 2 experimental groups with the different odor concentrations are shown in Figure 4A -F. In all cases, the number of Egr1-labeled cells was higher after incubation with ghrelin (black bars; n = 5/group) compared with controls (white bars; n = 5/group). Calculating the fold changes between ghrelin-treated and control mice revealed that the differences were more pronounced in experiments with lower odorant concentrations. This finding indicates that the difference between the 2 groups is more obvious when a smaller population of olfactory neurons is activated with low odorant concentrations.
The higher number of activated cells after ghrelin treatment suggests that ghrelin leads to an increased sensitivity of olfactory sensory neurons that results in a response of olfactory neurons whose normal sensitivity would not be sufficient to respond at the given odorant concentration. To approach the question whether cells that already respond under control conditions would react stronger to an odorant after ghrelin treatment, we hypothesized that a stronger response of a receptor-specific olfactory neuron population would be reflected in a higher activity of the corresponding glomerulus in the olfactory bulb. It has previously been shown that the intensity of an odor stimulus correlates with the number of c-Fos-positive juxtaglomerular cells surrounding a receptor-specific glomerulus (Bautze et al. 2012) . Therefore, we determined the number of c-Fos-expressing juxtaglomerular cells of an identified glomerulus. The studies were performed using the transgenic mouse line mOR256-17-IREStauGFP. In these mice, all olfactory neurons that express the odorant receptor mOR256-17 also express GFP, which allows to visualize the corresponding glomerulus due to intrinsic GFP fluorescence (Luxenhofer et al. 2008; Loch et al. 2013) . It was recently demonstrated that the odorant 2,3-hexanedione activates the mOR256-17 receptor and leads to an activation of the corresponding glomerulus (Saito et al. 2009; Loch et al. 2013) . Therefore, 2,3-hexanedione was used in these experiments. For determining the number of glomerulus-specific juxtaglomerular cells, a mOR256-17 glomerulus was defined as the region of GFP-labeled neuropil delimited by DAPI-stained cells. Exemplarily, the position of a lateral mOR256-17 glomerulus on a coronal section through the olfactory bulb is shown in Figure 5A . Figure 5B ,C displays representative images of immunostaining of mice pretreated with control solution (G−), and Figure 5D ,E shows immunostaining of mice pretreated with ghrelin (G+). c-Fos-positive cells and DAPI-stained cells that were immediately adjacent to the glomeruli were counted on serial sections. Based on the DAPI-stained cells that represent all cells surrounding the mOR256-17 glomeruli, the percentage of c-Fos immunoreactive cells was determined (n = 7/group). It was found that the percentage of c-Fos reactive cells was significantly higher in mice pretreated with ghrelin ( Figure 5F ). Without odorant exposure, there was no significant difference between ghrelin-treated and control mice ( Figure 5F ), indicating that the treatment or ghrelin alone did not induce c-Fos expression. The results suggest that ghrelin increases the reaction intensity of the responsive olfactory sensory neurons upon odor stimulation that leads to an elevated neuronal output.
Because the short-term "hunger" hormone ghrelin leads to an increased responsiveness of the olfactory neurons, the question arises whether the short-term "satiety" hormone PYY may have an opposing effect. PYY is released predominantly from enteroendocrine L-cells of the distal small intestine in response to food intake. There are 2 forms: PYY 1-36 and PYY 3-36 , with PYY 3-36 having a high affinity for the NPY receptor subtype Y2R. Activation of this receptor leads to reduced food intake (Blomqvist and Herzog 1997; Batterham et al. 2002; Chelikani et al. 2005) . As a first step, RT-PCR experiments were performed to determine whether the receptor encoding gene Npy2r is expressed in the olfactory epithelium. As shown in Figure 6A , amplicons of the expected size (215 bp) were obtained not only from cDNA of control tissue but also from cDNA of the main olfactory epithelium; the authenticity of the PCR products was verified with molecular cloning and sequencing.
To investigate the effect of PYY 3-36 treatment, the expression of Egr1 was determined. After application of PYY 3-36 or control solution, the mice were exposed to the odorant benzaldehyde, and subsequently, the number of Egr1-positive cells on ectoturbinate 2 was determined (n = 7/group). As can be seen in Figure 6B , it was slightly reduced in PYY 3-36 -treated mice (PYY+) compared with controls (PYY−); however, the difference was not statistically significant. Application of hormone solution without odorization did not induce Egr1 expression. The results indicate that the short-term satiety hormone PYY has only little or no effect on the responsiveness of olfactory sensory neurons.
Discussion
Animals strongly rely on their sense of smell for daily foraging and food consumption. Food intake behavior is closely linked with the nutritional status of an animal, which is reflected in concentration of hormones, such as leptin and ghrelin that represent the current nutritional situation and govern food intake. An acute hunger situation is accompanied by an elevated blood level of the gastric hormone ghrelin (Kojima et al. 1999; Nakazato et al. 2001; Cummings 2006; Cummings and Overduin 2007) and craves for finding suitable food sources, which in rodents mainly depends on olfactory cues. Therefore, the question arose whether ghrelin might affect the olfactory system in a way that would promote food finding. Previous studies have provided evidence indicating that ghrelin in fact enhances olfactory capacity, probably by acting in olfactory-related brain areas (Tong et al. 2011; Trellakis et al. 2011) . In this study, we demonstrate for the first time that ghrelin affects the first level of olfactory processing, that is, the responsiveness of olfactory sensory neurons. The results show that a pretreatment with ghrelin leads to an increased number of olfactory neurons that respond to a given odorous stimulus ( Figures 2D and 3G) . The higher number of activated neurons suggests that the hormone caused an increased sensitivity of olfactory sensory neurons and as a result, cell populations that normally would not react to the given odorant concentration now responded. Moreover, the finding that the same effect was obtained with several structurally very different odorous compounds suggests that ghrelin Chemical Senses, 2015, Vol. 40, No. 7 Figures 2D  and 3G ). These results are in line with studies demonstrating that under fasting conditions or after systemic infusion of orexigenic peptides, animals showed an increased detection of odors although these effects were attributed to hormone action in olfactory-related brain regions Julliard et al. 2007; Tong et al. 2011; Trellakis et al. 2011) . In fact, it is conceivable that in acute hunger situations, it would be very beneficial or even essential for survival to increase the responsiveness of the main olfactory system to find food sources, which emit numerous odorous compounds.
The concept that ghrelin would lead to a generally enhanced responsiveness of olfactory neurons implies that neurons already responding to an odor stimulus under normal conditions should respond more strongly. This notion was verified by determining the activation of juxtaglomerular cells of a given glomerulus. The increased number of activated juxtaglomerular interneurons of a receptor-specific glomerulus ( Figure 5F ) indicates that the activity of the normally responding sensory neuron population was stronger. Thus, generally the responsiveness of olfactory sensory neurons seems to be enhanced by ghrelin.
Altogether, our data strongly suggest that ghrelin applied to the nasal cavity acts directly on the cells in the olfactory epithelium. Although it cannot be excluded that ghrelin also reaches the olfactory bulb and even higher brain centers, studies have shown that drug delivery to the brain via the nasal route is comparatively slow (Illum 2000 (Illum , 2003 . Moreover, because we have employed ghrelin in nanomolar concentrations and the quantities of drugs reaching the brain from the nose are typically very low (Illum 2012; Lochhead and Thorne 2012) , it is very unlikely that an indirect mechanism originating from the brain is responsible for the observed increase in responsiveness of the olfactory sensory neurons.
The molecular mechanisms that underlie the sensitization of the olfactory neurons by the hormone ghrelin are unknown. Ghrelin signaling is primarily relayed via the G-protein-coupled 7-transmembrane receptor Ghsr1a. In fact, the ghrelin receptor was found to be expressed in the main olfactory epithelium, and analysis of isolated epithelial cells indicated that Ghsr1a is expressed in mature olfactory sensory neurons ( Figure 1B) . Our experiments applying ghrelin together with an inhibitor for the ghrelin receptor ]-GHRP-6) showed that under these conditions, the hormone-induced increase in the responsiveness of olfactory sensory neurons to an odorant was abolished ( Figure 2D ). This finding underscores the notion that ghrelin and its receptor are responsible for the observed change in neuronal responsiveness. In our view, it is most likely that the observed increase in sensitivity is mediated by the ghrelin receptor expressed in olfactory sensory neurons; however, it cannot be definitively excluded that other cell types in the epithelium also express Ghsr1a, thereby affecting, for example, perireceptor events in the mucus, like odor absorption or clearance, which could contribute to the shift in responsiveness.
The ghrelin receptor Ghsr1a is supposed to couple via Gq/11 alpha subunits to phospholipase C (PLC) (Davenport et al. 2005) inducing the formation of inositol triphosphate and diacylglycerol, the activator of protein kinase C (PKC). Conditions that lead to an increased activity of protein kinase C were found to enhance the responsiveness of olfactory sensory neurons to odorant stimulation (Frings 1993) . It has been shown that an elevated activity of protein kinase C caused an increased efficiency of the olfactory adenylyl cyclase and a higher cAMP (3′-5′-cyclic adenosine monophosphate) sensitivity of cyclic nucleotide-gated (CNG) channels. Such an optimization of the transduction efficiency allowed weak odorant stimuli to elicit electrical excitation of the olfactory sensory neurons (Müller et al. 1998) . It is conceivable that such a mechanism may underlay the effect of ghrelin. On the other hand, the substrate of phospholipase C phosphatidylinositol 4,5-bisphosphate (PIP2) cannot only be cleaved into inositol triphosphate and diacylglycerol but can also serve as a substrate for the phosphoinositide-3-kinase (PI3-kinase). This kinase phosphorylates PIP2, thereby producing phosphatidylinositol (3,4,5)-trisphosphate, which has previously been shown to negatively regulate CNG channels to reduce odorant responses (Zhainazarov et al. 2004; Brady et al. 2006) . It has been demonstrated that the response of at least some olfactory sensory neurons to a broad range of odorants can in fact be inhibited in a PI3-kinase-dependent manner, and blocking PI3-kinase thus significantly increased the odorant responses (Ukhanov et al. 2013) . Considering the fact that the PI3-kinase uses PIP2 as a substrate for its inhibitory effect, the induction of the phospholipase C pathway by the ghrelin receptor would withdraw PIP2 for the formation of inositol triphosphate and diacylglycerol, thereby reducing the PI3-kinase activity. The suppression of the PI3-kinase activity would then increase the responsiveness of olfactory sensory neurons leading to enhanced odorant responses.
Alternatively, ghrelin may cause a lower threshold for transforming the receptor potential into action potentials. This view would be in line with most recent studies indicating that ghrelin increased the overall excitability of neurons in the lateral amygdala in a dosedependent manner (Song et al. 2013) and that ghrelin enhances firing of nigral dopaminergic neurons by inhibiting voltage-gated potassium Kv7/KCNQ/M channels through its receptor Ghsr1a and activation of the PLC-PKC pathway (Shi et al. 2013) . Whether these mechanisms are in fact involved in the ghrelin-induced increase in responsiveness of olfactory neurons needs further investigations.
The notion that the active form of the satiety hormone PYY 3-36 (Batterham et al. 2002; Chelikani et al. 2005 ) may have an opposing impact on the responsiveness of olfactory neurons was not confirmed. Although the PYY receptor gene Npy2r (Blomqvist and Herzog 1997 ) is expressed in the olfactory epithelium ( Figure 6A ), exogenous PYY 3-36 did not affect the odorant-induced reactivity of olfactory sensory neurons. Although the number of Egr1-positive cells was slightly reduced in PYY-treated mice, the difference was not statistically significant ( Figure 6B ). Using electrophysiological approaches, Savigner et al. (2009) demonstrated that 2 other satiety hormones, insulin and leptin, significantly reduced the odorantinduced olfactory responses. The authors argued that insulin and leptin may reduce the signal-to-noise ratio of the odor inputs to match the smell function to the satiety status. Regarding a possible effect of PYY in the olfactory mucosa, previous reports showed that it may play a role in the regulation of olfactory neurogenesis. PYY was shown to have trophic effects on the survival and maturation of adult mouse olfactory neurons (Doyle et al. 2012) . Our results that PYY was not affecting the responsiveness of the sensory neuron are in line with these data.
Together with the results from our previous study, which showed that the long-term starvation hormone adiponectin improves the reactivity of olfactory sensory neurons, it can be concluded that hormones representing conditions of scarce energy, either low energy reserves or acute hunger, both render the olfactory system more responsive to odor stimuli. Thereby, they may contribute to improve the capacity to discover food sources.
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